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Phanerochaete chrysosporiumGlutathione transferases (GSTs) are known to transfer glutathione onto small hydrophobic mole-
cules in detoxiﬁcation reactions. The GST Ure2pB1 from Phanerochaete chrysosporium exhibits atyp-
ical features, i.e. the presence of two glutathione binding sites and a high afﬁnity towards oxidized
glutathione. Moreover, PcUre2pB1 is able to efﬁciently deglutathionylate GS-phenacylacetophe-
none. Catalysis is not mediated by the cysteines of the protein but rather by the one of glutathione
and an asparagine residue plays a key role in glutathione stabilization. Interestingly PcUre2pB1
interacts in vitro with a GST of the omega class. These properties are discussed in the physiological
context of wood degrading fungi.
Structured summary of protein interactions:
PcUre2pB1 and PcUre2pB1 bind by X-ray crystallography (View interaction)
PcUre2pB1 enzymaticly reacts PcGTO3 by enzymatic study (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Glutathione transferases (GSTs) are phase II detoxiﬁcation en-
zymes, catalyzing the addition of glutathione (GSH) onto electro-
philic centers of various hydrophobic substrates modifying their
solubility and improving their elimination or storage in phase III.
These enzymes are usually involved in toxic compound catabolism,
stress responses but also cell development, transport or metabo-
lism. They belong to a large superfamily, which structurally con-
sists of a more or less conserved thioredoxin-like N-terminal
domain, involved in GSH binding (G-site) and a more variable he-
lix-rich C-terminal domain, interacting with the hydrophobic sub-
strates (H-site). GSTs, usually organized as homodimers, arepresent in almost all living organisms and their classiﬁcation is
mainly based on primary structure homologies.
In fungi, 4 main GST classes have been studied (Omega (GSTO),
Fungal speciﬁc class A (GSTFuA), Glutathione Transferase (GTT)
and Ure2p [1]. The Ure2p class has been recently analyzed [2]. It
consists of 2 subclasses: Ure2pA, which is extended in saprophytic
fungi and Ure2pB, which consists in one or few isoforms per organ-
ism [2]. While Ure2pA is fungal speciﬁc, Ure2pB sequences have
been found to show homologies with bacterial sequences. Two of
these homologues YfcG and YghU from Escherichia coli have been
characterized at the protein level and appeared to be atypical glu-
tathione transferases [3,4]. They are as efﬁcient as glutaredoxin
and thioredoxin in disulﬁde bond reduction in 2-hydroxyethyl-
disulﬁde. Crystallographic results revealed two glutathione bind-
ing sites within the proteins allowing the interaction with either
one oxidized glutathione (GSSG) or alternatively two GSH mole-
cules. The lack of functional cysteine residues in the active site of
these enzymes suggests that the reductase activity is unique in
that no sulfhydryl groups in the proteins are involved in the redox
chemistry. It has been suggested that the non-covalently bound
thiol-disulﬁde couple (2GSH/GSSG) could perform the reaction.
In this paper, we report the ﬁrst structural and biochemical
characterization of a fungal Ure2pB GST (PcUre2pB1 from
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cete). We demonstrate that, additionally to exhibit the same atyp-
ical features than its bacterial homologues, PcUre2pB1 exhibits an
unexpected activity in protein deglutathionylation. The putative
physiological functions of these conserved proteins are discussed.
2. Materials and methods
2.1. Cloning, site-directed mutagenesis, production and puriﬁcation of
recombinant proteins
PcUre2pB1 (JGI ProtID 503) open reading frame was ampliﬁed
from P. chrysosporium RP-78 cDNA and cloned into the pET-3d
plasmid (Novagen). PcUre2pB1N18A, PcUre2pB1C66S, PcUr-
e2pB1C223S and PcUre2pB1C66SC223S mutants were generated
using complementary mutagenic primers. All primer sequences
are given in Supplemental Table S1. Proteins were expressed, pro-
duced and puriﬁed as described in Appendix A of Supplementary
methods.
2.2. Crystallization, X-ray diffraction data collection and structure
resolution
PcUre2pB1 was crystallized using the microbatch under oil
method at 4 C. X-ray data at 1.45 Å were collected at 100 K on
beamline FIP-BM30A at ESRF (Grenoble, France). The molecular-
replacement solution model was reﬁned using PHENIX [5]. Crystal-
lization, data processing, phasing and model reﬁnement were de-
tailed in Appendix B (Supplementary methods) and Table S2.
2.3. Activity measurement
Hydroxyethyldisulﬁde (HED) was incubated with GSH to allow
the spontaneous formation of glutathionylated b-mercaptoethanol
(b-ME-SG). Then, b-ME-SG deglutathionylation tests and dehydro-
ascorbate reductase activity using dehydroascorbate (DHA) as sub-
strate were performed spectrophotometrically in conditions
described previously [2]. Deglutathionylation of S-(phenacylace-
tophenone)-glutathione (PAP-SG) was measured by High Pressure
Liquid Chromatography (HPLC) as described previously [6] and
inﬂuence of oxidized glutathione (GSSG) was assessed by addition
of 0 to 6 mM GSSG at ﬁxed PAP-SG and GSH concentrations.
2.4. Determination of free thiol groups of PcUre2pB1 and mutants
The number of free thiol groups was determined spectrophoto-
metrically using 5,50-Dithiobis(2-nitrobenzoic acid) (DTNB) as de-
scribed previously [7,8]. Proteins were used as native, SDS-
denaturated (1% SDS), DTT-reduced (excess of 100 fold DTT), and
both DTT-reduced and SDS-denatured. DTT was then eliminated
onto a Sephadex G-25 column and the proteins were concentrated
with Amicon Ultra Centrifugal ﬁlters.Fig. 1. Schematic drawing of PcUre2pB1 structure. The ﬁgure highlights the
structural features discussed in the manuscript: positions of the PcUre2pB1
cysteinyl residues which could have a critical role in catalysis; T16 which occupies
the position of the catalytic residue of serinyl- or cysteinyl-GSTs; GSSG binding site
with the residues involved in the GS-2 moiety stabilization (N18 and R150 from the
other subunit). These two residues are well conserved in the Ure2p-like class. N-
terminal and C-terminal domains of monomer A are in magenta and green,
respectively. Helix a5 of monomer B is colored in red. Side chains of T16, N18, C66,
C223 and R150 (monomer B) and the GSSG molecule are shown as sticks with ﬁnal
2Fo-Fc electron density (1.2r contour level) covering GSSG. Intermolecular inter-
actions are indicated as black dashed lines. Secondary structures are labeled.2.5. Interactions of PcUre2pB1 with proteins
Insulin reduction was measured as described by Zaffagnini et al.
[8] by following the reduction-generated turbidity at 650 nm of
0.75 mg/ml insulin in presence of 10 lM of PcUre2pB1 wild type
and mutants. Addition of 330 lM DTT or 4 mM GSH started the
reaction. Positive controls were performed using the thioredoxin
PtTrxh1 and the glutaredoxin PtGrxC1 [9]. Protein deglutathionyla-
tion activity was visualized on SDS–PAGE gel using the recently
characterized PcGSTO3, which can activate and bind the ﬂuores-
cent dye CellTracker™ Green CMFDA (5-chloromethylﬂuorescein-
diacetate) (Invitrogen) on its catalytic cysteine. Since thiscysteine is glutathionylated in the native protein, the binding of
the probe and thus ﬂuorescence visualization occur only when
PcGSTO3 is previously reduced [10]. The detailed procedure is gi-
ven in Appendix C of Supplementary methods.
3. Results
3.1. Crystal structure of PcUre2pB1
The crystal structure of wild type PcUre2pB1 was solved by
molecular replacement at a resolution of 1.45 Å, using the struc-
ture of YfcG from E. coli as the search model (PDB ID 3GX0). PcUr-
e2pB1 adopts the canonical GST fold with a classical dimeric
organization (Fig. 1 and Fig. S1). The electron density map revealed
unambiguously one oxidized glutathione molecule (GSSG) per
monomer (Fig. 1) probably loaded during protein production in E.
coli as no additional glutathione was added during crystallization.
One half of the GSSG molecule (GS-1) is bound to the G-site and
forms 6 hydrogen bonds with the protein, 5 of which being usually
observed in the GST/GSH complex structures (Fig. S2). The second
half (GS-2) is anti parallel to GS-1 allowing the formation of three
intra molecular hydrogen bonds. Concerning GS-2, only the termi-
nal carboxylate groups of the glycinyl and glutamyl moieties inter-
act with PcUre2pB1 with the side chains of N18 (in the loop b1-a1)
and R150 (in a5 of the other subunit), respectively. The sulfur atom
of GS-1 is roughly equidistant to the side chains of T16 and N18,
and could therefore play a role in catalysis. T16 occupies the posi-
tion of the catalytic residue in GSTs using a serine or a cysteine to
assist the glutathione in thiol or GSH transferase activities [3]. An
arginine in a position equivalent to N18 was recently discovered
0.16
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[11].
A search with DALI [12] revealed that structural homologues of
PcUre2pB1 are YfcG [4] and YghU [3] from E. coli, Ure2p from Sac-
charomyces cerevisiae [13], a Ure2p-like protein from Pseudomonas
protegens Pf-5 (PpUre2pB1) and a Ure2p-like from Pseudomonas
aeruginosa PACS2 (PaUre2pB1) (Figs. S3 and S4 and Table S3).
PpUre2pB1 and PaUre2pB1 structures were recently solved in
structural genomic programs. Clearly, the structural sequence
alignment conﬁrms that EcYfcG, EcYghU, PpUre2pB1, PaUre2pB1
and PcUre2pB1 belong to the Ure2pB subfamily, while ScUre2p is
a member of the Ure2pA subfamily. Like PcUre2pB1, EcYfcG, EcY-
ghU and PpUre2pB1 contain two glutathione molecules (oxidized
or reduced) per monomer while only one is present in ScUre2p
and PaUre2p. Recently, Stourman et al. [3] deﬁned EcYfcG and EcY-
ghU as members of a new GST class mainly because of their unique
property to bind two molecules of GSH (oxidized or reduced) in
their active site. PcUre2pB1 and PpUre2pB1 use residues similar
to those of the E. coli enzymes to bind the two GSH moieties
(Fig. S2). All the structures cited in this paragraph, including PcUr-
e2pB1, share many structural features although they probably pos-
sess different roles in vivo. Among the structural features of this
new GST class, the invariant R150 (PcUre2pB1 numbering), which
is located in the second helix (a5) of the C-terminal domain, is a
ﬁngerprint of the Ure2p class. This arginine is an anchoring site
for the GS-2 moiety in PcUre2pB1, EcYfcG, EcYghU and PpUre2pB1.
By contrast this arginine does not seem essential in ScUre2p and
PaUre2pB1.
3.2. Enzymatic activities
Incubation of HED with GSH in the absence of enzyme leads to
the spontaneous formation of glutathionylated b-mercaptoethanol
(b-ME-SG) [14]. Addition of PcUre2pB1 to b-ME-SG resulted in a
mass loss of 306 Da corresponding to the removal of the glutathi-
one adduct. The catalytic parameters of this activity such as those
for dehydroascorbate reductase activity are reported in Table 1.
These activities are independent of the two cysteinyl residues pres-
ent in the protein since the mutants PcUre2pB1C66S, PcUr-
e2pB1C223S and PcUre2pB1C66SC223S are still active in these
enzymatic tests. These results are in agreement with the PcUr-
e2pB1WT structure since both cysteinyl residues (C66 and C233)
are distant by more than 10 Å from the expected active site and
their thiol groups exhibit a quasi null solvent accessible surface.
Km values for b-ME-SG of PcUre2pB1WT and PcUre2pB1N18A are
quite similar, suggesting that substrate recognition is not affected
by the mutation, however kcat is strongly reduced for the mutant,Table 1
Enzymatic activities of PcUre2pB1WT and mutants, using glutathionylated b-
mercaptoethanol (b-ME-SG), dehydroascorbate (DHA) and glutathionylated-phena-
cylacetophenone (PAP-SG). ±S.D. (n ± 3).
b-ME-SG DHA PAP-SG
Km (lM)
PcUre2pB1 79 ± 14 189 ± 25 1277 ± 191
PcUre2pB1C66S 83 ± 10 134 ± 15 953 ± 138
PcUre2pB1C223S 54 ± 4 489 ± 155 1664 ± 430
PcUre2pB1C66SC223S 63 ± 6 92 ± 37 923 ± 93
PcUre2pB1N18A 111 ± 18 132 ± 12 320 ± 65
kcat (min1)
PcUre2pB1 103 ± 3 74 ± 2 345011 ± 24773
PcUre2pB1C66S 156 ± 4 87 ± 3 45097 ± 2508
PcUre2pB1C223S 161 ± 3 100 ± 61 194220 ± 21956
PcUre2pB1C66SC223S 164 ± 4 327 ± 56 87350 ± 3316
PcUre2pB1N18A 3.3 ± 0.1 1.9 ± 0.1 421 ± 22demonstrating the essential role in catalysis of the conserved
asparagine at position 18.
Compared to yeast glutaredoxins (Grx1, Grx6 and Grx7), PcUr-
e2pB1 exhibits lower Km value (2.5, 5 and 37-fold respectively)
and lower kcat value (8, 17 and 22-fold) for b-ME-SG [14]). Another
glutathionylated substrate (Phenacylacetophenone-SG, (PAP-SG))
was tested. This substrate has already been found to be deglutath-
ionylated by PcGSTO3, an omega class GST from P. chrysosporium,
which possesses a catalytic cysteine [6]. Glutathione alone does
not deglutathionylate PAP-SG. As shown in Table 1, PcUre2pB1
and its cysteinyl mutants are able to remove glutathione from this
substrate much more efﬁciently than from b-ME-SG.
3.3. Asparagine 18 has a key role in glutathione stabilization
Based on structural data, a GSSG molecule was found linked to
PcUre2pB1 through non-covalent interactions (Fig. 1). The pres-
ence of GSSG among the protein prevents its activity since PAP-
SG deglutathionylation by PcUre2pB1 is inhibited when increasing
the GSSG/GSH ratio (Fig. 2). GSSG titration conﬁrmed the presence
of this compound in the untreated PcUre2pB1WT as well as in the
untreated cysteinyl and asparaginyl mutants (Table S4). Thiol con-
tent has been determined to investigate the accessibility of cyste-
ines in untreated, SDS treated, reduced dialyzed, and reduced
dialyzed and SDS treated samples (Table S5). One of the two cyste-
ines is not accessible to DTNB in untreated conditions. However, all
cysteinyl thiols and even more are titrable in reduced conditions
showing the presence of additional thiols, probably due to residual
bound and reduced GSH. This suggests that the binding of glutathi-
one is tight enough to be maintained within the proteins and thus
to be titrated through the DTNB assay after reduction and dialysis.
By contrast, the PcUre2pB1N18A mutant does not show any addi-
tional thiol after reduction (2.04 ± 0.01 thiols per molecule). Since
only one thiol can be detected in PcUre2pB1WT, the two free thiols
found in PcUre2pB1N18A suggest that this mutant can undergo
conformational changes that expose the second buried cysteine
and decrease the binding afﬁnity of reduced glutathione, which
is then lost during dialysis (Table S5). Indeed the crystal structure
of PcUre2pB1WT revealed an interaction between the side-chain
amide group of N18 and the C-terminal carboxylate group of the
glycinyl GS-2 moiety. This interaction is obviously lost in the PcUr-
e2pB1N18A mutant.0.08
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Fig. 2. Inhibition of PAP-SG deglutathionylation activity of PcUre2pB1 by GSSG. PAP
was quantiﬁed by HPLC at 293 nm after 1 min incubation of 0.4 mM PAP-SG, 34 nM
PcUre2pB1, 6 mM GSH and a range of 0–6 mM GSSG in TE pH8.
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Fig. 3. Reduction of insulin by PcUre2pB1 and PcUre2pB1N18A. PtGrx1 and PtTrxh1 were used as positive control using GSH and DTT respectively. GSH and DTT alone are not
able to reduce insulin (not reported on the ﬁgure).
Fig. 4. Interaction between PcUre2pB1 and PcGSTO3 revealed by in gel ﬂuorescence of CMFDA covalently bound onto PcGSTO3. Details are given in Supplementary methods.
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3.4.1. Insulin reduction
Insulin precipitates when its disulﬁde bonds are reduced. This
precipitation can be evaluated by turbidimetry following the
absorbance at 650 nm. As previously shown [8,9], glutaredoxin
(PtGrxC1) and thioredoxin (PtTrxh1) are active in this test in pres-
ence of GSH and DTT respectively. DTT and GSH alone are not able
to promote insulin precipitation at least at low concentrations over
40 min at pH 8.0 (data not shown). We use this test to evaluate the
ability of PcUre2pB1 to catalyze reduction of high molecular target.
However it is not a classical disulﬁde activity since GSH is not used
as a reductant but rather as a cofactor for PcUre2pB1, which is ac-
tive in the presence of GSH but remained inactive in the presence
of DTT (Fig. 3). This activity is strongly enhanced adding the
NADPH/GR system; this latter probably preventing accumulation
of GSSG, which could inhibit the reaction, as shown for PAP-SGdeglutahionylation experiments. The cysteinyl mutants exhibit
similar activity compared to the WT (data not shown), while PcUr-
e2pB1N18A remained fully inactive for insulin reduction whatever
the test conditions used. This suggests again a key role of bound
glutathione for PcUre2pB1 activity.
3.4.2. Interactions with PcGSTO3
PcGSTO3 is a GST from the omega class of P. chrysosporium. It is
natively glutathionylated (PcGSTO-SG) through covalent interac-
tion with a catalytic cysteine [6]. Moreover, the deglutathionylated
form of PcGSTO3 is able to activate and bind the ﬂuorescent
CMFDA dye onto the cysteine (Fig. 4) [10]. Using competition
experiments it is thus feasible to discriminate whether the protein
is glutathionylated or not. This property has been used to evaluate
the capacity of PcUre2pB1 to deglutathionylate proteins. PcUr-
e2pB1 and PcUre2pB1N18A under their native or reduced form
are not able to bind the probe (Fig. 4). Incubating PcGSTO3-SG with
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signal on SDS–PAGE gel. This suggests that PcGSTO3 has been re-
duced by PcUre2pB1 allowing the binding of the ﬂuorescent probe
onto the PcGSTO3 catalytic cysteine. The same experiment has
been performed using heat inactivated reduced PcUre2pB1 to en-
sure that the detected activity is not due to residual DTT or GSH
in the mixture. No signal was detected showing that the deglutath-
ionylation activity of PcGSTO3 is indeed mediated by PcUre2pB1.
This activity is independent of the PcUre2pB1 cysteines since the
cysteinyl single and double mutated proteins (PcUre2pB1C66S,
PcUre2pB1C223S and PcUre2pB1C66SC223S) exhibit the same pro-
ﬁle than the wild type. By contrast, native PcUre2pB1 containing
GSSG, and PcUre2pB1N18A (native or reduced) remained fully
inactive in this test, revealing the key role of N18 and reduced glu-
tathione in PcUre2pB1 catalysis.
4. Discussion
PcUre2pB1 was previously described as belonging to the fungal
Ure2pB subclass [2]. Almost all considered basidiomycete genomes
(98%) possess at least one Ure2pB sequence, suggesting a con-
served important function of these proteins in fungal kingdom [1].
From our results, it appears clearly that PcUre2pB1 possesses
the same biochemical and structural features than those displayed
by the bacterial EcYfcG and EcYghU, in particular the presence of
two glutathione binding sites, a high afﬁnity towards GSSG and a
disulﬁde reductase activity [3,4]. These features led Stourman
et al. [3] to deﬁne a new GST class that they named Nu. Here, we
suggest that PcUre2pB1 belongs to this newly described class,
although this should not be confused with the GST class speciﬁc
to lower invertebrate parasites, which was named similarly [15].
In this study, we have shown that, besides a deglutathionylation
activity towards small molecules, PcUre2pB1 could be involved in
glutathionylation/deglutathionylation of proteins, this latter activ-
ity being dependent on the GSSG/GSH ratio and thus on the cellular
redox state. PcUre2B1 thus exhibits the same molecular mecha-
nism than the one proposed for bacterial YfcG except that it ac-
cepts glutathionylated substrates such as proteins. To date only
few GSTs have been described as being able to interact with pro-
teins. Mammalian GSTs from Pi class have been shown to act in sig-
nalling pathways and protein S-glutathionylation in cancer [16]. In
vivo GSTPi occurs in monomer–dimer equilibrium and monomer
can bind to and regulate JNK and TRAF, which are proteins involved
in regulation of apoptosis and cell proliferation. Exposure of the
cell to a range of stresses can change the redox potential in the cell
causing the dissociation of the complex and oligomerisation of
GSTPi [17]. In S. cerevisiae Ure2p was assumed to interact with
Gln3p which is a transcription activator in the nitrogen metabo-
lism [18]. Complementation tests revealed that overexpressing
PcUre2pB1 in a delta-Ure2p yeast mutant has no impact on nitro-
gen regulation (data not shown) suggesting that the P. chrysospori-
um isoform is not able to interact with yeast Gln3p. However this
does not exclude a putative role of PcUre2pB1 in signalling or reg-
ulation in P. chrysosporium. In particular, P. chrysosporium is ex-
posed to oxidative stress during wood degradation and a ﬁne
balance must exist between the regulation of the ligninolytic en-
zymes, which generate toxic lignin-derived compounds and the
intracellular stress response machinery.
In microorganisms, the few available data show an involvement
of these GSTs in stress response. The bacterial strain deleted for
EcYfcG exhibits an increasing sensitivity toward hydrogen perox-
ide [19]. In Aspergillus nidulans, the GSTA mutant is sensitive to
xenobiotics and heavy metals [20] and in P. chrysosporium, the
expression of PcUre2pB1 is upregulated in presence of nonylphe-
nol [21]. In bacteria, EcYfcG might interact with glutathionylspe-rmidin and perhaps utilizes it as a substrate or a regulatory
molecule [3,4]. However, the physiological targets (substrates
and proteins) of these microbial speciﬁc proteins remain to be
identiﬁed and will help to decipher their physiological roles.
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